MacNaughton et al. recently published an article entitled, "Energy savings, emissions reductions, and health co-benefits of the green building movement" in which they claim to calculate the environmental co-benefits associated with the (assumed) reduced energy use of green buildings. They consider only LEED (Leadership in Energy and Environmental Design) commercial buildings and make two fundamental assumptions: (1) that each LEED building, year after year, achieves the energy savings projected by its design team, and (2) that the fuel mix of LEED buildings is the same as the average mix for other buildings in the same geographic region.
Introduction
In a recent paper "Energy savings, emission reductions, and health co-benefits of the green building movement," MacNaughton, Cao, Buonocore, Cedeno-Laurant, Spengler, Bernstein, and Allen demonstrate the power of Harvard's Co-BE (Co-Benefits of the Built Environment) Calculator by using it to estimate the cumulative environmental cobenefits associated with the (assumed) reduced energy use of nearly 20,000 commercial buildings that were certified under the U.S. Green Building Council's (USGBC) Leadership in Energy and Environmental Design (LEED) program from 2000 to 2016 [1] . The calculation is predicated on the assumption that, following certification, LEED buildings use less energy than do other similar buildings and that the annual energy savings for each LEED building may be extracted from the number of points awarded to it for energy efficiency during the LEED certification process -in most cases, based on design projections rather than actual, measured energy performance. These assumptions are highly flawed. Numerous studies have found that buildings use more energy than projected by their design teams-the well-documented building "energy performance gap" [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Moreover, a decade of LEED building studies have either concluded or have yielded results consistent with the conclusion that the source energy consumed by LEED-certified buildings, on average, is not significantly lower than that for other buildings, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . In short, the methodology demonstrated by the Harvard group is interesting but their conclusions lack validity because they are based on seriously flawed assumptions.
Building site, source energy, and EUI Before taking up a detailed criticism of the Harvard group's methodology it is important to precisely define what is meant by "building energy." 1 Annual source EUI, similar to site EUI, is obtained by dividing a building's annual source energy by its gross floor area. On average, source energy provides a much better indication of the total energy and environmental impact of a building than site energy.
The Harvard group's methodology
The Harvard group calculates the environmental co-benefits associated with the assumed reduced energy use of all commercial LEED-certified buildings certified in six countries (United States, China, India, Brazil, Hungary, and Germany) from 2000 to 2016, estimated to have a total building floor area of 335 million m 2 [1] . Our own query to the USGBC LEED project database [29] to retrieve all nonconfidential, commercial projects achieving LEED certification from 2000 to 2016 in these six countries in LEED systems that address whole building energy returns 19714 projects with a total floor area of 333 million m 2 . 2 It should be noted, however, that, any building certified more than once (as is often the case in major U.S. cities) gets counted more than once in this sum-so that the numbers are inflated. 3 The LEED project database lists an additional 3073 confidential projects with a total floor area of 49.5 million m 2 that otherwise meet the above criteria. They do not say but we assume that the Harvard group neither eliminates duplicate buildings nor includes confidential buildings in their analysis. Here we provide a summary of the Harvard group's methodology as best we understand it as it applies to U.S. buildings-which represent the vast majority of the buildings in this study. The Harvard group does not provide a detailed description of their methodology for determining the energy efficiency for each LEED-certified building. They state that this information is obtained from the Green Building Information Gateway (GBIG) web site [30] . The GBIG web site publishes LEED scorecard information for many LEED-certified buildings, including the LEED system and version used for certification, building location, and the number of points earned towards LEED certification, broken out by category including Energy and Atmosphere (EA). The details vary with each LEED system (NC, CS, EBOM, Schools, etc.) and version (v1, v2.0, v2009, v4, etc). For some LEED systems and versions, points earned in the Energy and Atmosphere category 1 (EAc1) can be directly related to the ratio of the projected site EUI for the building design divided by the projected site EUI for a baseline building-as calculated by the building's design team. This energy efficiency ratio, combined with the building's floor area and either the numerator (design EUI) or denominator (baseline EUI), allows one to calculate the projected site energy savings for the building, that is, the difference between the annual site energy projected for a conventional building and the annual site energy projected for this building.
The USGBC does not publicize the projected site EUI for each LEED building so that the numerator of the projected energy efficiency ratio is not accessible. The Harvard group, instead, estimates the denominator (the baseline EUI), using national and international building energy survey data to determine the gross site EUI and fuel mix used by conventional buildings in the same geographical region as each LEED-certified building. For U.S. buildings they use data from the Energy Information Agency's Commercial Buildings Energy Consumption Survey (CBECS) [31] . 4 CBECS survey data from three different snapshots in time (1998, 2003, and 2012 ) are used to estimate the fuel intensities (electricity, natural gas, fuel oil, district heat) used by conventional buildings. Annual fuel intensities for intermediate years are obtained by interpolation. CBECS data are broken out by nine census divisions (i.e., geographical regions). These data are then used to calculate, for each U. S. LEED-certified building, the individual fuels (electric, natural gas, etc.) used for a baseline building of the same size and census division for each year following the date of certification.
The Harvard group does not differentiate on space type (e.g., office vs hospital) but, instead, uses regionally dependent gross fuel intensities for each building in the same census division, combining these with floor area to yield estimated fuel usage and savings. They assume that the fuel mix for the LEED building is the same as that for the baseline building. Hence a projected 30% reduction in site energy for the LEED building is translated into a 30% savings in electric energy, 30% savings in natural gas, etc. relative to the gross fuel intensities for buildings in that census division determined by CBECS.
The Harvard group notes that the GBIG web site does not post LEED scorecards for buildings certified before 2007. For these buildings they make the simplifying assumption that each building, for every year following certification, has a site EUI of 69 kBtu/ft 2 (785 MJ/m 2 ), which corresponds to the median found in one 2008 study of 121 LEED-certified buildings [16] . With this assumption fuel savings relative to baseline are calculated for these buildings as described above.
Flaws in the Harvard methodology
About 16000 of the 20000 LEED-certified projects considered were certified under New Construction (NC), Core & Shell (CS), School, or Retail LEED systems and account for 56% of the 335 million m 2 of floor area in this study. For these LEED systems energy efficiency indices EAc1 were based entirely on energy simulations. Simulated site EUI for the adopted design was compared with that for a second, less-creative, code-compliant design called the baseline design. Presumably the baseline design was projected to use more energy than the adopted design. EAc1 points were awarded based on the percentage savings reflected in these two simulated site EUI. The first flaw with the Harvard approach is the assumption that LEED buildings achieve the site energy savings reflected in their design simulations. The use of design simulations to project environmental savings for LEED buildings was employed by Kats in 2003 before measured energy use data were available for many LEED-certified buildings [32] .
Since 2002 numerous studies have found a wide disparity in the design team's energy projections for buildings and their measured post-occupancy energy use [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . This phenomenon has been dubbed the "building energy performance gap [5, [9] [10] [11] [12] [13] [14] [15] ." While discrepancies are found in both directions [16] , the predominant trend is that measured energy use exceeds that projected during design [5, 6, 7, 12, 13] .
The second flaw with the Harvard methodology is the assumption that any site energy savings is achieved uniformly in all building fuels. This assumption is inconsistent with a large body of evidence which shows that LEED buildings use more, not less, electric energy than other buildings.
We are aware of 12 peer-reviewed studies published since 2008 that have specifically looked at the measured energy use of LEED-certified buildings as compared with other, similar buildings [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Key aspects of these studies are summarized in Table 1 . These summaries cannot capture the complexity of each study and interested readers are encouraged to consult the original references for details.
The first such study, conducted by the New Building's Institute (NBI) in 2008 and funded by the USGBC, concluded that LEED buildings were achieving 25-30% (site) energy savings, consistent with their design projections [16] . This study, one of only three cited by the Harvard group, was highly criticized for its methodology and conclusions [17, [33] [34] [35] . Subsequent analysis of the NBI data demonstrated that LEED buildings were achieving only half as much site energy savings as found by NBI, and more importantly, achieved no savings in source energy [17] . The explanation of this is that LEED buildings, on average, were using less natural gas and other non-electric fuels on site, but at the same time, were using more electric energy. The off-site energy losses associated with the increased on-site electric use was nullifying the on-site savings for the other fuels.
This critique [17] of the NBI study was not cited by the Harvard group, but they did cite the next two papers listed in Table 1 , the first by Newsham et al. [18] . and the other by Scofield [19] . These two papers each offer further analysis of the NBI data [16] . The Harvard group states that Newsham et al. [18] . find that LEED buildings save 18-39% energy while Scofield [19] "found the energy savings to be closer to 17%." They go on to conclude, "In these studies, there remain wide discrepancies between the design and actual energy performance at the individual building level; however, as a whole, green buildings outperform conventional buildings [1] ." This conclusion, however, is not consistent with the picture that collectively emerges from these four papers [16] [17] [18] [19] . Newsham's paper is entitled, "Do LEED-certified buildings save energy? Yes, but…" Scofield's paper is entitled, "Do LEED-certified buildings save energy? Not really…" Newsham's paper [18] provided an analysis of the NBI LEED building data [16] [16] . Scofield [19] recognized that Newsham's analysis relied upon the same, non-physical averaging method employed by Turner & Frankel. 5 Scofield replicated Newsham's analysis for just one building subset (35 offices) demonstrating that, with proper averaging, Newsham's methodology obtained neither site energy nor source energy savings for LEED buildings relative to their CBECS counterparts [19] . Scofield did not find 17% energy savings for LEED buildings. 6 At least eight peer-reviewed studies since 2009 have examined the energy use of LEED buildings [20] [21] [22] [23] [24] [25] [26] [27] . Those that specifically considered source energy found that LEEDcertified buildings demonstrated no source energy savings relative to other similar buildings [23, 26, 27] . Other studies did not consider source energy but found that LEED buildings did not achieve anticipated (site) energy savings [20, 22, 24, 25] and used more electric energy than did other buildings [20] .
In short, building energy performance studies in the literature do not support the Harvard group's assumption that LEED-certified buildings use less primary (or source) energy than do other buildings or that site energy savings achieved by LEED buildings correspond to reduced use of all fuels.
The above two criticisms apply to 16000 of the LEEDcertified buildings included in the Harvard study. What about the remaining 4000 buildings?
The vast majority of the remaining 4000 LEED buildings (45% of the 335 million m 2 ) were certified under some version of the Existing Buildings (EB) LEED system. EAc1 Here the EAc1 index cannot be translated into site energy savings, either measured or projected. The methodology employed by the Harvard group for determining fuel savings in these cases is not only inconsistent with building performance data (as described above) but does not even apply to these buildings.
Moreover, Scofield's research has shown that the EPA's building Energy Star benchmarking scores are built on highly suspect science and, for most building types, are not reproducible [37] [38] [39] . Source energy savings inferred from Energy Star scores rely on the EPA's methodology for adjusting for external operational parameters, and this methodology has been shown to be highly flawed [39] . Now consider the Harvard group's methodology for calculating the energy savings from LEED buildings certified before 2007. While the number of such buildings is relatively small (580) their cumulative projected fuel savings is substantial because they were certified so long ago. The Harvard group assumes that all such buildings, for every year following certification, have a site EUI equal to 69 kBtu/ft 2 (780 MJ/m 2 ), the median site EUI found for 121 LEED buildings in the 2008 NBI study [16] . One of the key criticisms of the NBI study was its "apples-to-oranges" approach of comparing the median LEED site EUI to gross (site) EUI for the entire U.S. commercial building stock [17, 33] . Here the Harvard group adopts a similar approach.
Perhaps the more serious problem with their method for calculating energy savings for these early LEED buildings, however, is inherently similar to one already discussed-that a reduction in site EUI is not uniformly translated into savings in all fuels.
The problem for both newer and older (pre-2007) buildings is readily illustrated by looking at actual building energy use data. Table 2 provides relevant data for three Chicago LEED buildings that were certified prior to 2007. 2015 fuel usage data for these buildings were found in the Chicago 2016 public energy benchmarking disclosure [27, 40] . 7 Table 2 lists the Chicago benchmarking building ID, LEED project ID, floor area (A), and 2015 electric, nonelectric and site EUI. The last three columns contain calculated greenhouse gas emission associated with the actual building energy use (actual), the baseline building (baseline), and the Harvard group's estimated GHG savings. The last row of Table 2 does not represent a building but, instead, contains the gross electric, non-electric, and site EUI for all buildings in census division 3 as reported in CBECS 2012 [31] . These numbers are used to determine the energy use and GHG emission of the baseline buildings. 8 For all three LEED buildings we see that their actual 2015 site EUI are not significantly different from the 780 MJ/m 2 value assumed by the Harvard group. For these three LEED buildings the non-electric energy comes from natural gas. The GHG emission associated with the natural gas consumption does not change with time or location and is readily calculated. The GHG emission associated with the electric energy depends on the carbon content of the regional electric supply and changes with time. The Harvard group utilizes the EPA's e-grid methodology to determine the pollutants (including CO 2 ) associated with electric energy [41] . Here we did the same by using the EPA's Energy Star Target Finder calculator, entering for each building its zip code, floor area, and 2015 actual fuel usage [42] . For the first building (100% electric) Target Finder calculates GHG emission of 16089 metric tonnes CO 2 . GHG emissions for the other two buildings are calculated similarly and are shown in Table 2 (actual). Note that the site energy for each of the three LEED buildings is heavily dominated by electric energy.
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(east north central) are shown in the last row of Table 2 [31]. These are the energy intensities assumed for the baseline buildings. Buildings in this census division have roughly equal amounts of electric and non-electric site energy. For each of the LEED buildings the baseline building is assumed to have these electric and non-electric intensities. This assumed fuel usage was inputted into Target Finder to estimate the GHG emission for the three baseline buildings and is listed in Table 2 (baseline). Table 2 shows that, for each LEED building, the actual GHG for 2015 exceeds that projected for its corresponding baseline building. The Harvard methodology, however, assumes that the 780 MJ/m 2 site EUI for the LEED-certified building corresponds to the fuel mix found for the baseline building. The 28% reduction in site energy then corresponds to a 28% reduction in GHG emission of the baseline building. The last column of Table 2 gives GHG emissions savings calculated using the Harvard methodology for each LEED building. Whereas all three of these LEED buildings in 2015 actually produced more GHG emission than their baseline buildings, the Harvard methodology calculates the opposite.
These results are illustrated in Fig. 1 which shows the 2015 GHG savings for each building as calculated by the Harvard group (green positive bars) compared with the actual savings in GHG emission over baseline achieved by these buildings in 2015 (red negative bars). The Harvard methodology gets the sign wrong. These three LEED buildings in 2015 are responsible for more GHG emission than their baseline buildings.
It should be noted that the first Chicago building in Table 2 was certified again in 2010, then a third time in 2015, both under the LEED EBv.2 system. The second building was certified a second time in 2014 also under the EBv.2 system. These three buildings are associated with six different LEED projects in the LEED project database. The Harvard group does not indicate how they handle multiple listings of a single building or even if they identify them. Indeed, the fact that we calculate the same 335 million m 2 of LEED-certified floor area as they do from the LEED project database, without eliminating duplicate buildings, suggests they treat these as six separate buildings and calculate their cumulative environmental benefit using their methodology for each. If indeed the case, this error further exaggerates the environmental co-benefits of LEEDcertified buildings.
A skeptical reader might wonder if the above results for just three LEED buildings are representative of other Chicago LEED buildings. The answer is yes, readily demonstrated by applying similar analysis to the 134 LEED certified buildings (10.2 million m 2 ) identified in the 2015 Chicago benchmarking [27] . The measured energy use of these buildings for 2015 yields a gross site EUI of 84.8 kBtu/sf (962 MJ/m 2 ), about 5% lower than the Harvard baseline for this census division (see Table 2 ). But because of their relatively higher electric use the GHG emissions associated with these LEED buildings for 2015 were 13% higher than the Harvard baseline. That means for this single year these LEED buildings were responsible for 150000 mtonne more CO 2 emission than the baseline buildings. We are not able to implement the Harvard methodology to calculate the projected GHG savings for these LEED buildings as the majority were certified with EB systems and, in addition, credible EBc1 indices for 45 of these buildings are not posted on the GBIG web site. No matter, the Harvard methodology, however implemented, will project GHG savings for these buildings which is the opposite of what their measured energy use demonstrate.
Above we have considered only U.S. buildings and, in our example, only looked at the Harvard group's method for calculating reduced carbon emission. The principle illustrated, however, applies to other pollutants and environmental impacts as well as buildings in the other five countries, though the details for finding the baseline energy use differ. The implied environmental co-benefits of LEED buildings are all tied to the estimated fuel savings associated with the assumed energy efficiency of these LEED buildings. The calculation we have shown for GHG emissions associated with just three Chicago LEED buildings clearly illustrates the flaws and can be replicated for other LEED buildings for which energy use data are available and for other pollutants.
Discussion
The title of the Harvard group's paper, "Energy savings, emissions reductions, and health co-benefits of the green building movement" suggests that the results presented generally apply to green buildings [1] . This is clearly not the case inasmuch as the analysis is restricted to LEED-certified commercial buildings-important in the United States, but a minority component of the global green-building movement.
Several inconsistencies emerged as we attempted to replicate the Harvard group's methodology for calculating the fuel savings for LEED-certified buildings. First, they claim that, "as of 2016, over 90500 commercial buildings … have achieved LEED certification [1] ." This statement is not supported by the reference they cite [43] nor have we been able to replicate this figure in our own query to the USGBC's LEED project database [29] . Our query returned 25435 such projects, 22146 if you exclude confidential buildings.
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A second problem arose when we sought design energy efficiency information from the GBIG web site for the LEED buildings in this study. The Harvard group states that energy efficiency data for each LEED building certified after 2006 is posted on the GBIG web site. This does not seem to be the case. We have data-mined the GBIG web site attempting to retrieve EA and EAc1 indices for all of the 23,000 confidential and non-confidential LEED projects (as described earlier) certified from 2000 to 2016 in the six relevant countries. EA indices were obtained for 17853 projects. Of these, credible EAc1 indices (LEED points awarded for energy efficiency) were returned for only 8788 projects, those certified under LEED v2009. 10 The majority of these projects, in both number and floor area, were certified under EB O&M for which the Harvard methodology for determining energy savings does not apply. The minority of EAc1 parameters retrieved for which the Harvard methodology applies represent just 24% of the 335 million m 2 floor area of LEED buildings in this study. How then does the Harvard group determine the design energy efficiency for the remaining LEED projects representing 76% of the 335 million m 2 gross floor area in their study? It should be noted that the LEED projects for which credible EAc1 indices are not posted correspond to older projects which contribute the most years of "savings" to their calculations.
The greening of buildings has become a cornerstone of most strategic plans for reducing global greenhouse gas emission. It is widely assumed, as expressed in the abstract of the Harvard paper, that green buildings save energy. Entire industries have emerged to promote green buildings including the USGBC's LEED certification, the U.S. EPA's Energy Star building certification program, BREEAM (Building Research Establishment Environmental Assessment Method), and Green Globes. Governments and other institutions have mandated that new buildings or major renovations achieve green building certification at some level through one or more of these programs. Billions of dollars are spent on these efforts annually [44] .
Yet for all this effort there is relatively little evidence that green buildings actually save primary energy. In the United States, the LEED program is the most widely adopted green building certification program. Table 1 summarized the peer-reviewed studies of energy use by LEED buildings. Combined, these 12 studies provide data for, at most, 400 buildings, just 1.7% of the estimated 23000 U.S. commercial buildings certified before January 1, 2018 in one of the LEED systems that address whole-building energy use. This very small window into LEED building energy performance indicates they are not, on average, saving primary energy.
Many of the LEED building studies in Table 1 unavoidably suffer from selection bias as data are obtained voluntarily from cooperative building owners. The results of such studies may not be representative of the many buildings whose owners did not participate in the study. In the U.S. there is great hesitation to disclose confidential building energy data. In the case of LEED-certified buildings, owners have already reaped the positive marketing benefits associated with LEED certification and have much to lose should their data show poor energy performance that undermines this green publicity.
The other problem with many of the studies listed in Table 1 is the relevance of the baseline energy data to which the LEED data are being compared. In some cases the comparison data are for different years, different climate zones, and even different building types. It is useful to compare the 2012 EUI of an Arizona office building with the gross EUI for all U.S. office buildings in 2003, but the comparison has limited value. Furthermore, buildings are not stagnant and their energy consumption varies year to year for a host of reasons including weather, operating parameters, and ongoing upgrades. A single, 12-mos snapshot of a building's EUI does not characterize its energy consumption year after year any more than a single financial disclosure captures the long term profitability of a company [45] .
Municipal energy benchmarking disclosure laws are providing new opportunities to address these questions. In collaboration with the Institute for Market Transformation (IMT) [46] , more than 20 U.S. municipalities have passed ordinances requiring annual energy and water consumption data be reported to the municipality for large commercial buildings. In many cases these data are being made public. Over time these public disclosures will provide energy data 9 Our query returned all projects certified before 1/1/2017, excluding Homes, New Development (ND) and Commercial Interior (CI) LEED systems. 10 For all other projects EAc1 values were listed as 0 or 1, values that were inconsistent with the total number of Energy and Atmosphere points (EA) posted for the same project.
for sequential years for LEED buildings and for other similar buildings to which they may be compared. Such benchmarking data were the basis for some of the more recent studies listed in Table 1 that compared the energy use of LEED-certified offices [23, 26] and multifamily housing [26] in NYC and offices, multifamily housing, and K-12 Schools in Chicago [27] with data from similar conventional buildings for the same location and time periods. In coming years these studies may be expanded to include buildings from many other U.S. cities. Maybe in 5 years or so this path will provide data for as many as 1000 LEED certified buildings with, in many cases, consecutive years of data.
There exists a better way for understanding the energy performance of LEED-certified buildings utilizing energy consumption data already gathered by the USGBC. With the adoption of LEED version 2009 (i.e., v3) the USGBC has required that all certified buildings supply 5 years of energy use data to the USGBC following certification. The first such buildings were certified in November 2009 and, as of January 1, 2017, there were 9890 U.S. commercial buildings certified under LEED v2009 systems that address whole building energy use. By now the USGBC should have collected annual energy use for all of these buildings, and in many cases, would have collected data for multiple years. 11 The USGBC has never published a comprehensive study of these data nor made these data available to independent researchers for analysis.
The Harvard group has established a reasonable methodology for determining the baseline energy (and fuel use) for these buildings. Using measured energy performance for LEED buildings would yield credible fuel savings to be inputted into the Harvard Co-BE Calculator. The resulting environmental co-benefits may be positive or negative, but either way, these would be important results to have for making future energy policy and LEED decisions. One of the Harvard authors (Bernstein) has served on the board of the USGBC. Perhaps this connection might enable them to gain access to these data to produce a very useful and substantive analysis.
Summary and conclusions
McNaughton et al. calculate significant environmental benefits for 20000 buildings in six countries that were LEED-certified from 2000 to 2016. These calculated benefits are predicated on an assumed reduction in fuel usage by these buildings as compared with conventional buildings in the same geographic regions. Specifically, McNaughton et al. assume that each LEED building achieves the percentage energy savings projected by its design team and that these LEED buildings, on average, have the same fuel mix as other buildings in the same geographic region.
Here we have shown that both of these assumptions are inconsistent with the body of evidence published in the literature for LEED buildings over the last decade. Buildings in general, and LEED-certified buildings in particular, do not, on average, achieve the energy savings projected by their design teams. Furthermore, various studies have found that LEEDcertified buildings use relatively more electricity than other buildings and demonstrate no source energy savings.
Accordingly, the environmental benefits of LEED-certified buildings that McNaughton et al. calculate are no more valid than the above assumptions on which they are based.
Here we have also pointed out some important inconsistencies in the methodology that McNaughton et al. employ for determining the design energy efficiency for each LEED building.
Finally, we suggest that McNaughton et al. repeat their calculation utilizing energy consumption data already collected by the USGBC for thousands of buildings certified under LEED v2009. Replacing the projected energy savings in their calculation with real, energy consumption data for thousands of LEED buildings would provide a credible basis for truly assessing the environmental co-benefits associated with LEED building energy use.
